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(54) Active control of vibration 

(57) A subject body (10) is mounted on a support (12) by means of an intermediate body (16), and constrictive actuators 
(22 24 26) each of whose dimensions can be changed in a controllable manner by signals supplied from a computer 
receiving information from sensors on the intermediate body, applies controlled compensating forces to the intermediate 
body to reduce its vibrations. The actuators are preferably of magnetostrictive or piezoelectric type. 




© 16 © 
VTTT7' = 



26 



wm:. w 



i 

II 




At least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy. 
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Title; Active Control of Vibration 
Field of the Invention 

This invention relates to the active control of 
vibration. 

Background to the Invention 

When a vibrating body is mounted on a support body, it is 
often desired to control or minimise the transmission of 
vibration from the vibrating body to the support body. It 
is known to reduce the transmission of vibration passively 
by providing vibration isolators of various forms between 
the two bodies. It is also known to reduce vibration 
actively, often in conjunction with the use of passive 
isolators. 

In copending International Patent Application No 
PCT/GB87/00902 there is described an arrangement for 
active vibration control in which an intermediate body is 
mounted between the vibrating body and the support body. 
The vibration of the intermediate body is sensed and in 
response thereto controlling forces are applied to the 
intermediate body by inertial shakers mounted thereon to 
minimise the vibrations induced by the vibrating body. 
Whilst such a vibration mount operates satisfactorily, it 
has been found that for some applications such a mount may 
be undesirably large and/or heavy. 
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Summary of the Invention 

According to the present invention there is provided a 
method of active vibration control in which a subject 
body, being a vibrating body or a body to be isolated from 
external vibrations, is mounted on a support by a 
vibration mount which includes an intermediate body 
between the subject body and the support, wherein the 
vibration imparted to the intermediate body is reduced by 
applying controlled compensating forces to the 
intermediate body by means of at least one constrictive 
actuator. 

The invention also extends to such a vibration mount by 
means of which a subject body is mounted on a support and 
which includes an intermediate body between the subject 
body and the support, wherein at least one constrictive 
actuator is provided for applying controlled compensating 
forces to the intermediate body, so as to reduce vibration 
of the intermediate body, over at least a part of the 
frequency range for which control of vibrations is 
required. 

By the term "constrictive actuator" as used herein is 
meant an acutator whose dimensions can be changed in a 
controllable way. Examples of constrictive actuators are 
electrodynamic, piezoelectric, hydraulic and 
magnetrostrictive actuators. In each case the 
constrictive actuator acts to increase or decrease its 
dimensions in response to a control signal, which in this 
case is typically derived from a sensor on the 
intermediate body. 
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The intermediate body is preferably a substantially rigid 
member over the frequency range of vibrations to be 
controlled. 

Where the subject body is a vibrating body to be isolated 
from the support, the or each constrictive actuator is 
mounted between the vibrating body and the intermediate 
body. Alternatively in the case where, for example, 
sensitive equipment is to be isolated from a vibrating 
support, the or each actuator may be mounted between the 
intermediate body and the support. 

By having the or each actuator thus mainly supported 
either by the subject body or the support, so the weight 
of the intermediate body is kept to a minimum in contrast 
to that of the inertial shakers disclosed in the above 
mentioned PCT application. 

Typically the actuator is controlled by a computer. 

A passive resilient element may be provided between the 
intermediate body and the subject body where the latter is 
vibrating, and/or between the intermediate body and the 
support where the latter is vibrating, so that where the 
intermediate body is not sufficiently rigid to prevent the 
passage of high frequency vibrations, or the computer 
which controls the or each actuator has restricted 
processing capabilities and cannot respond to these high 
frequencies, the resilient element is able to absorb such 
vibrations. 

Where the intermediate member has up to six degrees of 
freedom an appropriate plurality of constrictive actuators 
are preferably arranged to control the relatively low 
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frequency vibrations over all six degrees of freedom of 
movement of the intermediate member* Where the vibration 
of the intermediate member only occurs along three linear 
orthogonal axes (ie without rotational vibrations) then a 
correspondingly smaller number of actuators are required* 

As the or each actuator will generally be required to take 
also the static load of the vibrating body, eg the weight 
of machinery mounted on the vibration mount, it is 
preferred for the or each actuator to be piezoelectric or 
magnetostrictive, as the design constraints imposed upon 
such actuators to permit them to support high static loads 
are less severe than for other actuators. 

Alternatively, exceptionally large static loads may be 
supported on a passive element (eg a compliant or 
resilient element) in parallel with the or each actuator. 
This has the added advantage that the total number and/or 
size of actuators may be reduced. 

The recent development of rare earth alloys (for example 
the alloy Tb 0.27 Dy 0.73 Fe 1.95) which display large 
magnetostrictive strain constants, suggests that 
magnetostrictive actuators are particularly suited where 
large vibrational displacements must be accommodated. 

Magnetostrictive actuators require a bias magnetic field 
which may be supplied by a permanent magnet or by a direct 
current in a surrounding coil (or both), while the 
fluctuating magnetic field required may be supplied by an 
alternating current in a coil which, if a coil is 
employed to produce the bias field, may be the same coil. 
Where the actuators have to be prestressed this may be 
achieved by prestressing bolts, having due regard to the 
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static load to be supported. 

Where the subject body is to be free to vibrate, the 
intermediate body conveniently may be surrounded by a 
generally cu P shaped member and be connected thereto by a 
plurality of constrictive actuators. Where the cup shaped 
member is prestressed by bolts extending therethrough and 
through the intermediate body, clearance holes may be 
provided in the intermediate body to avoid direct contact 
between it and the bolts. 

The intermediate body may be substantially flat and 
rectangular in shape, and a pair of actuators may then be 
disposed at each side, and two pairs of actuators may be 
provided respectively above and below. 

Alternatively, instead of having the actuators thus 
arranged in opposed pairs, one of each such actuators in 
an opposed pair may be replaced by a passive element, thus 
halving the number of actuators required. Preferably such 
passive elements are arranged at the upper or static load 
bearing side of the intermediate body, thereby reducing 
the size of the opposite actuator. 

Alternatively, a simpler form may be adopted if 
constrictive actuators capable of deforming in shear in 
response to a control signal are used. For example, the 
piezoelectric material lead zirconate titanate, also known 
as PZT , is capable of this. In this case, a minimum of 
three compound actuators may be provided above the 
intermediate body. Each compound actuator is to comprise 
a stack of three constrictive actuators. One of these is 
to be capable of deforming in shear in a direction normal 
to the axis of the stack in response to a control signal; 
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another is to be capable of deforming in extension or 
compression parallel to the axis of the stack. Thus the 
top of each stack may be caused to move in any direction 
relative to the intermediate body to which it is fixed at 
its base. The subject body may then be supported on the 
tops of the three or more compound actuators; this may 
conveniently be done via a cap plate resting on the 
compound actuators but not fixed rigidly to them. 

Where the subject body comprises, for example, one or more 
machines mounted on a rectangular raft or table, a mount 
constructed in accordance with the invention may be 
provided at each corner thereof. 

A vibration mount in accordance with the invention 
operates to keep the intermediate body substantially 
stationary, or to allow very limited (eg very low 
frequency) displacement to occur. The control for the 
mount may be broadband or periodic, and in general will be 
multichannel, using a number of sensors to determine the 
drives to the actuators. The sensors may be 
accelerometers, for example, which may be mounted on the 
appropriate part or parts of the mount. 

Although prior published literature describes constrictive 
actuators employed for vibration control, such actuators 
have not been utilised in combination with an intermediate 
body. For example an electrostrictive actuator system is 
known from French Patent Specification No 1547529, in 
which a rigid table containing sensitive equipment is 
isolated from a support by a plurality of single degree of 
freedom actuators to prevent vibrations from the support 
from reaching the table. Dp to six degrees of freedom of 
the table are covered. However, any lack of rigidity in 
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the table in such a system, allows vibrations to be 
imparted to the sensitive equipment, which is avoided by 
the present invention. 

Brief Descr i ption of the Drawings 

The invention will now be described, by way of example 
only, with reference to the accompanying drawings in 
which: 

Figure 1 is a side view, partly in section, of a vibration 
mount in accordance with the invention; 

Figure 2 is a sectional plan view of the mount taken on 
the line II-II in Figure 1; 

Figure 3 is a view similar to Figure 1 but showing 
prestressing bolts in the mounts; and 

Figure 4 is a side view similar to Figure 1 showing a 
modified vibration mount; 

Figure 5 is a side view of a raft or table which is 
mounted on a plurality of vibration mounts, 

Figure 6 is a side view, partly in section, of a vibration 
mount in accordance with the invention, which utilises 
compound stacks of constrictive actuators capable of 
deforming in shear and extension, and 

Figure 7 is a sectional view of the mount of Figure 6 
taken on the line II - H« 



n»«.,<i»a inscription of the Drawings 
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Referring first to Figures 1 and 2 there is shown 
generally at 10 (Figure 1) a vibrating body supported by a 
support 12, with an active vibration mount 14 disposed 
therebetween. 

The mount 14 comprises an intermediate body 16 of 
generally rectangular shape supported from the support 12 
by a resilient element 18 of elastomeric material. The 
body 16 is generally surrounded by a cup shaped structure 
20 secured to the vibrating body 10. 

Disposed between the upper surface of the intermediate 
body 16 and the inside horizontal surface of the structure 
20 are arranged two pairs of constrictive actuators 22. 

Similarly disposed between each of the four edges of the 
intermediate body 16 and the corresponding surfaces of the 
structure 20 are four pairs of actuators 24. Between the 
lower surface of the intermediate body and the 
corresponding lower parts of the structure 20 are arranged 
two further pairs of constrictive actuators 26. These 
latter actuators 26 are shown displaced from the upper 
actuators 22, although they may instead be arranged to be 
aligned therewith. 

Each of the actuators making up the pairs of actuators 22, 
24, 26 is a magnetostrictive actuator, for example one 
made of the rare earth alloy Tb 0.27 Dy 0.73 Fe 1.95. Each 
actuator is cylindrical in shape and is surrounded by a 
coil 28. 

A steady magnetic bias field is provided either by a 
direct current flowing in the coil 28 and/or by means of a 
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permanent magnet (net shown,. Expansion ^ =ont-tion 

> iq achieved by varying the currenu 

of the actuator length is acniev«u j 

lowing in the coil ana -vibration" of the actuator is 
achieved using an alternating current o£ appropriate 
frequency. 

, D;«nr e ^ there are shown a number of 

to prestress the respective actuators. Where a bolt 
passes through a hole in the intercalate body . 
„ole 32. the bole is made oversize to 
ana thereby avoia airect contact between the structure 
ana the intermeaiate boay 16. 

I. use sensors (not shown,, such as «« le ™" e "' ^ 
fitted to the intermediate toay 16, ana signala from these 
are tea to a control system which includes a 
are tea w „, 0 a U ce a correction signal 

microprocessor (not shown, to produce a co 

correspond to the corrective action 
counteract the vibration sensed. Typically this 
correction signal comprises an alternating current of 
appropriate amplitude and frequency which lows in he 
colls associated with the respective 

thus caused to cyclically change in length to neutralise 
any vibration of the intermediate body. 

By providing these pairs of constrictive actuators, as 
Illustrated, it is possible to control vibration in all 
six degrees of freedom of motion. 



Befering next to Figure 4, there is shown ^iea 
vibration mount 54 in which the number of actuators 
half that for the first embodiment of Figures 1 and 2. 
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As with the first embodiment, the mount 54 is disposed 
between an upper vibrating body 53 and a support 52. The 
mount 54 again comprises a rectangular intermediate body 
56 carried by the support 52 through a resilient passive 
element 58. 

Surrounding the body 56 is a generally cup-shaped 
structure 59, secured to the vibrating body 53. A 
compliant passive element 62 supports the structure 59 
from the upper surface of the body 56. Between the left- 
hand edge of the body 56 and the corresponding inside 
surface of the structure 59 is disposed a smaller passive 
element 62; a passive element (not shown) is also disposed 
between the rear edge of the body 56 (as viewed in Figure 
4) and the corresponding inside surface of the structure 
59. As with the mount 14 of Figures 1 and 2, a pair of 
constrictive actuators 60 is arranged at each side between 
the lower surface of the body 56 and the corresponding 
parts of the structure 59. A pair of actuators 60 are 
also disposed between the right-hand edge of the body 56 
and the corresponding inside surface of the structure 59, 
with a similar pair 60 being disposed between the front 
edge of body 56 (as viewed in Figure 4) and the 
corresponding inside surface of the structure 59. Thus 
there are four pairs of actuators 60 in the present mount 
54, instead of eight pairs as in the previously described 
mount 14, since one actuator of each of the opposing pairs 
of Figures 1 and 2 is replaced by a compliant passive 
element. The stiffness of these passive elements is 
calculated with due regard to the stiffness of the 
actuators and the size of the displacements to be 
controlled. 



An added feature of this arrangement is that the static 
load of the upper vibrating body can be supported on a 
passive element which may reduce the size of constrictive 
actuators required, especially where extremely large 
static loads are present. 

In the arrangements of Figures 1, 2 and 4, a shear 
isolation may additionally be provided between two or more 
orthogonally mounted actuators by inserting a passive 
compliance element (not shown) at both ends of each 
actuator to allow lateral and rocking movements at both 
ends thereof. 

Referring now to Figure 5 there is shown a rectangular 
raft or table 40 on which is mounted a vibrating machine 
42. Four vibration mounts 44/ each similar to the 
vibration mount 14 described above, are situated one at 
each corner of the raft. This isolates vibrations of the 
machine 42 from the support, typically the ground, even 
when the raft is not itself completely rigid. 

An arrangement similar to Figure 5 may also be utilised 
where sensitive equipment is to be isolated from a support 
(which may be the ground) and which itself may be subject 
to vibration. However in this case each vibration mount 
44 has its cup shaped structure 20 inverted and secured to 
the support or the ground, so that vibrations between the 
support or ground and the intermediate bodies 16 of the 
mounts 44 are counteracted by the constrictive actuators. 
A resilient element, such as element 18, is disposed 
between the raft and each intermediate body (not shown) in 
each mount to absorb high frequency vibrations. This 
arrangement again reduces the transfer of vibrations from 
the support or the ground to the sensitive equipment even 
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where the raft is not a rigid member. 

Referring to Figures 6 and 7, these show an active 
vibration mount employing compound stacks of shear and 
extension actuators. A vibrating body 10 is supported on 
the upper plate 20 of the active vibration mount. This in 
turn is supported on the tops of the actuator stacks, 
which may be surmounted by hemispherical hard caps 9. 
These caps are intended to produce point contacts with the 
upper plate 20 and thus to prevent the upper plate from 
exerting torques on the actuator stacks. Each stack 
includes an actuator 8 to produce vertical displacements 
of the cap, and two mutually orthogonal directions. The 
bases of the stacks are supported by the intermediate body 
16, which in turn may be supported on a resilient element 
18. 
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Claims 



1. A method of active vibration control in which a 
subject body, being a vibrating body or a body to be 
isolated from external vibrations, is mounted on a support 
by a vibration mount which includes an intermediate body 
between the subject body and the support, wherein the 
vibration imparted to the intermediate body is reduced, 
over at least a part of the frequency range for which 
vibration control is required, by applying controlled 
compensating forces to the intermediate body by means of 
at least one constrictive actuator (as hereinbefore 
defined). 

2. A method according to claim 1, wherein the or each 
constrictive actuator acts to increase or decrease its 
dimensions in response to a control signal. 

3. A vibration mount by means of which a subject body is 
mounted on a support and which includes an intermediate 
body between the subject body and the support, wherein at 
least one constrictive actuator (as hereinbefore defined) 
is provided for applying controlled compensating forces to 
the intermediate body, so as to reduce vibration of the 
intermediate body, over at least a part of the frequency 
range for which control of vibrations is required. 

4. A vibration mount according to claim 3, wherein the 
or each constrictive actuator acts to increase or decrease 
its dimensions responsively to a control signal derived 
from a sensor, such as an accelerometer, on the 
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intermediate body. 

5. A vibration mount according to claim 2 or claim 3, 
wherein the intermediate body is a substantially rigid 
member over the frequency range of vibrations to be 
controlled. 

6. A vibration mount according to claim 3 or claim 4 or 
claim 5, wherein the subject body is a vibrating body to 
be isolated from the support, and the or each constrictive 
actuator is mounted between the vibrating body and the 
intermediate body. 

7. A vibration mount according to claim 3 or claim 4 or 
claim 5, wherein the subject body is to be isolated from a 
vibrating support, and the or each actuator is mounted 
between the intermediate body and the support. 

8. A vibration mount according to any of claims 3 to 7, 
wherein the actuator is controlled by a computer. 

9. A vibration mount according to any of claims 3 to 8, 
wherein a passive resilient element is provided between 
the intermediate body and the subject body where the 
latter is vibrating, and/or between the intermediate body 
and the support where the latter is vibrating. 

10. A vibration mount according to any of clams 3 to 9, 
wherein the intermediate member has up to six degrees of 
freedom, and an appropriate plurality of constrictive 
actuators are arranged to control the relatively low 
frequency vibrations over all six degrees of freedom of 
movement of the intermediate member. 



11. A vibration mount according to any of claims 3 to 10, 
wherein large static loads are supported on a passive 
element in parallel with the or each actuator. 

12. A vibration mount according to any of claims 3 to 11, 
wherein the or each actuator is piezoelectric. 

13. A vibration mount according to any of claims 3 to 11, 
wherein the or each actuator is magnetostrictive. 

14. A vibration mount according to claim 13, wherein a 
bias magnetic field for the magnetostrictive actuator is 
supplied by a permanent magnet or by a direct current in a 
surrounding coil (or both), while the fluctuating magnetic 
field required is supplied by an alternating current in a 
coil which, if a coil is employed to produce the bias 
field, may be the same coil. 

15. A vibration mount according to any of claims 3 to 14, 
having one or more pres tressed actuators, prestressing 
being effected by prestressing bolts. 

16. A vibration mount according to any of claims 2 to 15, 
wherein the subject body is to be free to vibrate, and the 
intermediate body is surrounded by a generally cup shaped 
member and connected thereto by a plurality of 
constrictive actuators. 

17. A vibration mount according to claim 16 when 
appendant to claim 15, wherein the cup shaped member is 
prestressed by bolts extending therethrough and through 
the intermediate body, clearance holes being provided in 
the intermediate body to avoid direct contact between it 
and the bolts. 
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18. A vibration mount according to any of claims 3 to 17, 
wherein the intermediate body is substantially flat and 
rectangular in shape, and a pair of actuators are disposed 
at each side, and opposed pairs of actuators are provided 
respectively above and below. 

19. A vibration mount according to claim 18, wherein one 
of each pair of actuators in an opposed pair is replaced 
by a passive element, such passive elements being arranged 
at the upper or static load bearing side of the 
intermediate body, thereby reducing the size of the 
opposite actuator. 

20. A vibration mount according to any of claims 3 to 17, 
having a minimum of three compound actuators provided 
above the intermediate body, each compound actuator 
comprising a stack of three constrictive actuators, one 
capable of deforming in shear in a direction normal to the 
axis of the stack in response to a control signal, and 
another capable of deforming in extension or compression 
parallel to the axis of the stack. 

21. A vibration mount according to claim 20, wherein' the 
subject body is supported on the tops of the three or more 
compound actuators via a cap plate resting on the compound 
actuators but not fixed rigidly to them. 

22. A vibration mount according to any of claims 3 to 21, 
wherein the control for the mount is broadband or 
periodic, and is multichannel, incorporating a plurality 
of sensors to determine the drives to the actuators. 

23. A method of active vibration control substantially as 
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hereinbefore described. 

24. A vibration mount substantially as hereinbefore 
described with reference to the accompanying drawings. 
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